Elevated levels of transcripts encoding the c-myb cellular protooncogene have been reported in hematopoietic tissues, particularly those that are enriched for early stages of hematopoietic cell differentiation. The highest levels have been reported for yolk sac (1), bone marrow (2, 3) , and thymus (2, 4) . In addition, leukemic cell lines that have more immature hematopoietic cell phenotypes, particularly those in the T-cell and granulocyte-macrophage lineages, exhibit increased levels of c-myb transcripts relative to fibroblasts (5) . The HL60 myelomonocytic cell line has a moderate level of c-myb transcripts, which decreases when these cells are induced to differentiate into macrophages (5) . These results indicate that c-myb may be developmentally regulated and expressed at high levels at early stages of differentiation in some hematopoietic lineage(s).
The use of tissues that contain a mixture of cell types and the use of leukemic cell lines that display aberrant differentiation patterns only give indirect indications ofthe particular cell types that may be expressing higher levels of the oncogene. The studies described here were initiated to examine the developmental regulation of c-myb during normal differentiation of macrophage colony-forming cells (M-CFC; the progenitor of macrophage lineage) to macrophages. The experimental protocols take advantage of the chicken yolk sac cell population, which has a high proportion of the M-CFCs, with little contamination by the more mature cell types (6) . When these cells are cultured in vitro they differentiate primarily into granulocytes and macrophages (there is little erythroid differentiation as a result of the absence of erythropoietin) in a single wave of differentiation, indicating either the lack of stem cells in the initial yolk sac cell population or inability to maintain stem cells under the culture conditions used (6, 7) .
The myb oncogene is defined as the transforming gene associated with avian myeloblastosis virus (AMV) (8) (9) (10) . This acute transforming retrovirus displays an unusually narrow target range, since it appears to transform only cells of the macrophage lineage both in vitro and in vivo (11) . Even functionally mature cells can be transformed by this virus (12) , and transformation of these mature cell types results in a modulation of the expression of the normal cell markers for macrophage differentiation (11, 12) . Thus, the v-myb oncogene appears to alter the expression of developmentally regulated products in the macrophage lineage, but it probably has no effect on the expression of developmentally regulated products in other cell types. The v-myb oncogene is a truncated version of the c-myb cellular homologue, and their products differ by only 11 amino acid substitutions in the region of homology (13, 14) . This structural similarity between the two proteins suggests that there are functional similarities. Thus, it was of particular interest to study the expression of c-myb during the course of macrophage differentiation.
MATERIALS AND METHODS
Cells and Viruses. Chicken yolk sac cells were prepared from 12-day SPAFAS gs-, chfi embryos by forcing the cells through a 100-mesh screen and extensively washing the single-cell suspension as described (6) . For culture, cells were resuspended at 2 x 107 cells per ml in complete BT88 medium (15) 
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Cell Separation. Band and pellet fractions were prepared by using lymphocyte separation medium (LSM; Litton Bionetics) as described (6) . For gradient separation, -2 x 109 nonadherent yolk sac cells were first purified by layering onto a 30-ml LSM cushion and centrifuging at 650 x g for 25 min. The interface fraction was collected, layered on a preformed 40-ml isoosmotic 54% Percoll density gradient (prepared by centrifugation in a Sorvall SS-34 rotor at 30,000 x g for 20 min at 200C), and centrifuged at 650 x g for 15 min, and fractions were collected.
Analysis of RNA. RNA dot-blot hybridizations were performed by the method of White and Bancroft (16) . For size analysis, RNAs were extracted and separated on a 1.5% agarose gel containing 2.2 M formaldehyde (17, 18) . RNAs were transferred to nitrocellulose by the method of Thomas (19) . The hybridization conditions for both the dot blots and the blot-hybridization gels followed the procedure of Wahl et al. (20) with modified washing conditions: twice with 500 ml of 0.15 M NaCl/0.015 M sodium citrate, pH 7/0.1% NaDodSO4 and twice with 500 ml of 0.015 M NaCl/0.0015 M sodium citrate, pH 7/0.1% NaDodSO4, each for 15 min at 42TC. The hybridizations used the v-myb probe KX162 (13), a gift from J. M. Bishop. The human 18S ribosomal gene probe was a gift from J. Sylvester. The probes were nick translated as described by Maniatis et al. (21) .
RESULTS
Purification of the Yolk Sac Cell Population Expressing c-myb. Previous experiments have demonstrated that chicken yolk sac is enriched in c-myb transcripts relative to other tissues (1, 3) . The yolk sac contains a mesodermal region composed primarily of cells at early stages of hematopoietic differentiation sandwiched between ectodermal and endodermal cell layers. The hematopoietic cells can be easily separated to produce a single-cell suspension that is composed of cells with a "blast" type morphology and includes the early stages of erythroid, granulocyte, and macrophage differentiation. Erythroid lineage cells from the burst-forming unit-erythroid (BFU-E) stage (22) to mature erythrocyte are present. Of the nonerythroid cell population (determined on morphological grounds by exclusion of cells from pronormoblast to mature erythrocyte), 95% have a blast morphology and 5% express markers of early granulocyte or macrophage differentiation. This cell population can be separated on the basis of cell density on a Percoll equilibrium density gradient. The erythroid cells and most of their precursors are found in the dense fractions; granulocyte progenitors (G-CFC; granulocyte colony-forming cells), near the center; and macrophage progenitors, M-CFC, in the light-density fractions (although the granulocyte and macrophage progenitors are not well separated; unpublished data) (6) .
Chicken embryo yolk sac cells (12-day) were separated using LSM to give a pellet fraction that contains almost exclusively erythroid-lineage cells and an interface fraction containing predominately cells with a "blast"-type morphology and enriched for G-CFC and M-CFC. Fig. 1 shows the typical morphology of the interface fraction cells. In vitro differentiation and M-CFC agar colony assays were used to confirm the location of the G-CFC and M-CFC following the separation. RNA dot-blot analysis demonstrated that c-myb transcripts were present in the interface fraction and not in the pellet fraction (data shown and described below).
To resolve further the cell populations in the interface fraction, the cells were fractionated on a Percoll density (2, 14) . To compare the c-mybrelated transcripts present in the M-CFC with these previously described c-myb transcripts in the AEV-transformed cells, RNA was extracted from both cell populations and analyzed by RNA blot hybridization. Fig. 3 demonstrates that both cell types express a major c-myb-related transcript of 4 kilobases (kb) and a minor transcript of 5.2 kb, which is presumably a precursor to the mature 4-kb mRNA (2, 4) . Thus, the c-myb transcripts in the M-CFC appears to be identical to that in the AEV-transformed cells.
To determine the level of c-myb transcripts in the M-CFC, dot-blot hybridizations were standardized by using serial dilutions of the BamHI cleaved insert from probe KX162 as an internal standard. In addition to the v-myb sequences, the KX162 insert contains 80 base pairs of pol and 36 base pairs of env (13) cell types at 3 and 5 days, respectively, after seeding (7). To examine the effect of macrophage differentiation on the level of c-myb expression, cultured yolk sac cells were harvested on days 0, 1, and 2, separated into pellet and interface fractions on LSM, and analyzed by dot-blot hybridization. Fig. 4 Left shows that c-myb could only be detected in the interface fraction from the day 0 cells and was undetectable by day 1. Note that there was no detectable expression of c-myb in the pellet fraction as mentioned above. As a control, a parallel filter with the same cell populations was probed with a ribosomal RNA probe. Fig. 4 Center shows comparable levels of ribosomal RNA in the different cell fractions. To determine whether the loss of c-myb expression was an artifact of differentiation in tissue culture, RNA dot blots were performed with day 18 embryonic bone marrow cells, which contain relatively few M-CFC but have increased levels, relative to yolk sac, of the promonocytes, and with cells from peripheral blood buffy coat, which is enriched in more mature monocytes. Fig. 4 Right shows that c-myb 
DISCUSSION
These experiments demonstrate that the elevated levels of c-myb expression found in some hematopoietic tissues is not the result of elevated expression in the majority of the cells present but is restricted to a minor subpopulation. It has been possible to separate this particular subpopulation by using a combination of biologic and physical separation techniques. The embryonic yolk sac appears to act as a filter by providing the appropriate microenvironment for the expansion of the committed progenitors to the myeloid cell lineages. Transplantation experiments using quail chick chimeras have shown that the hematopoietic stem cells reside primarily in embryonic sites as opposed to the extraembryonic yolk sac (24) . Morphological analysis of the hematopoietic cells in the yolk sac reveals a relatively minor contamination of mature cell types, which appears to be particularly true for the granulocyte and macrophage lineages (7) . Agar colony assays and in vitro differentiation experiments have demonstrated that the embryonic yolk sac is a rich source for progenitors to the several hematopoietic cell lineages (7, 25) . Use of the natural concentration of these progenitor cell populations in yolk sac provides a more satisfactory enrichment for progenitor cells than has been accomplished by physical separation of bone marrow cells (for example, compare ref. 26 ). Fractionation of the yolk sac hematopoietic cells by density provided significant separation of the M-CFC and has allowed the assignment of the c-myb-expressing cells to the macrophage cell lineage.
From these separation experiments, it appears that elevated expression of c-myb in the yolk sac was restricted to about 5% of the hematopoietic cell population. This level is similar to the fraction of yolk sac cells that can be transformed by AMV (12) . Since the only AMV target cells in this population are in the macrophage lineage, it would appear that this 5% represents a reasonable estimate of the proportion of M-CFC in the yolk sac. Thus, we estimate that gradient purified cell population consists of a majority of M-CFC.
The expression of c-myb was not only limited to the macrophage lineage of the myeloid cell population but also was expressed only at a specific stage of differentiation. The finding that expression of c-myb is both lineage-restricted and restricted to a particular compartment(s) in that lineage suggests that it plays a role in the differentiation of macrophages. Previous experiments which demonstrate that v-myb expression modulates the expression of differentiated cell functions in macrophages lends additional weight to the argument (11, 12) . A parallel result is found in the decrease in the level ofc-myb expression that accompanies the phorbol ester-induced differentiation of the HL 60 tumor cell line into "macrophages" (5) . The HL 60 cell probably represents an intermediate between the M-CFC and the differentiated macrophages, which is consistent with its intermediate level of c-myb transcripts.
Based on data from murine fetal liver, it has been suggested that c-myb expression is elevated in immature erythroid cells (4) . Our failure to detect c-myb expression in the erythroid cells purified from yolk sac, which are highly enriched in immature stages of erythroid development, is inconsistent with this argument. The cell separation procedures used here separate the c-myb-expressing cells from all morphologically identifiable stages of erythroid development (i.e., from the pronormoblast to the erythyrocyte). The results of Gazzolo et al. (22) suggest that the colony-forming unit-erythroid (CFU-E) cells would also be separated from the M-CFC on the Percoll gradient. The significance ofthe c-myb expression in some transformed erythroid cells, such as K 562 (5), and AEV-transformed cells (13) remains obscure.
The level of expression of c-myb reported here is in reasonable agreement with the published results on c-myb expression in normal hematopoietic tissues (1-4). Our results suggest that expression in most of these hematopoietic tissues may be accounted for by the presence of the M-CFC in these tissues. However, the elevated levels of c-myb expression found in thymus probably represent a different cell population (2, 4). Sheiness and Gardiner (4) have found similar levels of c-myb in murine bone marrow and thymus, and we have seen similar results in the chicken.
The expression of cellular protooncogenes at levels similar to that expressed in cells transformed by a retrovirus that uses the homologous viral oncogene is an unusual finding. The only other reported examples are c-fos and the c-fms (1985) Developmental Biology: Duprey and Boettiger protooncogenes in extraembryonic tissue (27, 28) . Other examples in which there is a modest (10-fold) increase in expression of cellular protooncogenes include c-src in neural cells (29) , c-yes in kidney (30) , and c-myb in thymus (4) . Since these studies and many others that have reported a wide distribution of low-level oncogene expression utilize tissues containing many cell types, it appears likely that separation of the individual cell types involved may reveal a more asymmetric distribution of protooncogene expression.
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